Semiconductor quantum dots (QDs) provide an essential link between light and matter in emerging fields such as light-harvesting [1, 2] , all-solid-state quantum communication [3] , and quantum computing [4] . QDs are excellent single-photon sources [5] and can store quantum bits for extended periods [6] making them promising interconnects between light and matter in integrated quantum information networks [7] . To this end the light-matter interaction strength must be strongly enhanced using nanophotonic structures such as photonic crystal cavities [8] and waveguides [9] or plasmonic nanowires [10] [11] [12] [13] . So far it has been assumed that QDs can be treated just like atomic photon emitters where the spatial properties of the wavefunction can be safely ignored. Here we demonstrate that the point-emitter description for QDs near plasmonic nanostructures breaks down. We observe that the QDs can excite plasmons eight times more efficiently depending on their orientation due to their mesoscopic character. Either enhancement or suppresion of the rate of plasmon excitation is observed depending on the geometry of the plasmonic nanostructure in full agreement with a new theory. This discovery has no equivalence in atomic systems and paves the way for novel nanophotonic devices that exploit the extended size of QDs as a resource for increasing the light-matter interaction strength.
An essential advantage of all-solid-state emitters compared to, e.g., atomic emitters or molecules, is that they can be positioned deterministically and remain stationary [14] . This makes QD-based nanophotonic devices a promising technology for scalable many-qubit systems [15] . The term "artificial atoms" has been coined to QDs due to their discrete energy levels and their assumed atom-like interaction with light. Presently it becomes clear that QDs in nanostructures lead to a number of surprises distinguishing them from atomic systems, including the recent observations of very broadband radiative coupling in cavity QED [8] and self-tuning of QD nanolasers [16] . In this Letter we present the first experimental observation and the theoretical explanation of a novel mechanism to enhance the interaction between light and matter induced by the mesoscopic size of QDs. It gives rise to a strongly modified radiative decay that is tailored by the size and shape of the QD electron-hole wavefunctions and can be used as a resource to dramatically enhance the coupling of QDs to plasmonic nanostructures. The efficient coupling of single emitters to plasmonic nanostructures is currently being investigated intensely for various applications within nanophotonics and quantum optics [17, 18] enabling highly efficient single-photon sources [10, 11, 19] , single-photon transistors [12] , and subwavelength plasmon lasers [20, 21] . In all these applications it is essential to understand and enhance the interaction between light and matter, which is the essence of the work presented here. Figure 1a illustrates the physical system under consid- * Electronic address: mlya@fotonik.dtu.dk † Electronic address: pelo@fotonik.dtu.dk eration: QDs are placed at a distance z below a metallic mirror and the electromagnetic field associated with the surface-plasmon polariton resonance at the metal surface is varying over the extension of the QDs. The QDs are standard-sized (∼ 20 × 20 × 6 nm 3 ) clusters of indium arsenide (InAs) embedded in gallium arsenide (GaAs) fabricated by molecular beam epitaxy. After excitation, the QDs trap single electrons and holes (Fig. 1b) , which recombine through different channels with the following rates: excitation of plasmons γ pl , spontaneous emission of photons γ ph , non-radiative losses in the metal γ ls , or intrinsic non-radiative recombination in the QDs γ nr , see Fig. 1c . The impact of the mesoscopic QD size on the radiative coupling to plasmonic nanostructures can be precisely assessed by employing a nanophotonic structure with well-understood optical properties. Here we employ a silver mirror with QDs positioned at precise distances from the surface, whereby the effects of emitter and environment can be unambigously separated. This is not possible in complex structures like photonic crystals [22] or plasmonic nanowires [11] .
We have measured the decay rate of QDs (γ QD ) versus distance to the silver mirror [23] , see Fig. 2 , allowing to distinguish the various decay rates discussed above, see Supplementary Information for further details. Investigating two different orientations of the QDs relative to the silver mirror allows us to unambiguously prove the breakdown of the point-emitter description, i.e. the socalled dipole approximation, which is found to be excellent for atoms, ions, and molecules. In the first sample (the direct structure), the apex of the QDs points towards the silver mirror, while in the second sample (the inverted structure) it points away, see insets of Fig. 2 . A point-dipole source would radiate identically in the direct and inverted structures, and the expected decay rate for such an emitter is shown in Fig. 2 . We observe that for short distances to the silver mirror the measured decay rates deviate significantly from the point-dipole theory, i.e. significantly slower (faster) QD decay dynamics is observed for the direct (inverted) structure compared to the expectations for a dipole emitter. These deviations originate from the mesoscopic nature of QDs implying that the electron and hole wavefunctions are spatially extended, as pictured in Fig. 1b . The experimental data are well explained by our theory, which accounts for the mesoscopic size of the QDs, while we can independently rule out alternative mechanisms, e.g., carrier tunneling, non-radiative processes, light-hole contribution to the dipole moment, or quantum-confined Stark shifts [24] of the QD energy levels induced by the metallic surface (see Supplementary Information). The deviations from dipole theory are observed only for QDs positioned closer than ∼ 100 nm to the mirror, which is equal to the length scale of the plasmonic penetration depth into the GaAs substrate. The observed variations in decay rate directly illustrate that the mesoscopic character of the QDs strongly influences the coupling to plasmons and can be employed as a resource to either suppress (direct structure) or promote (inverted structure) the excitation of plasmons.
The modified excitation of plasmons stems from the mesoscopic dimensions of the QD [25] . Here we develop a novel model for spontaneous emission from mesoscopic QDs that includes the spatial extend and asymmetry of QD wavefunctions. By expanding the interaction to first order around the center of the QD, we obtain the total decay rate
where γ pd (z) is the familiar point-dipole contribution which depends on the transition dipole moment proportional to µ x = Ψ h |p x |Ψ e , and γ me (z) is the first-order mesoscopic contribution, which is characterized by the moment Λ z,x = Ψ h |p zx |Ψ e , in the following denoted µ and Λ. Here Ψ e (Ψ h ) is the wavefunction of an electron (hole) trapped in the QD, andx andp z are position and momentum operators for the x and z directions, respectively. Λ is an intrinsic property of the QD and is determined by the size and geometry of the electron and hole wavefunctions. Due to their mesoscopic dimensions and asymmetric confinement potential QD wavefunctions are extended and asymmetric [24] , as sketched in Fig. 1b . The mesoscopic decay rate γ me (z) depends not only on Λ but also on the optical field gradient, which is large for plasmonic modes, cf. Fig. 1a . The two contributions to the decay rate in Eq. (1) combine coherently and therefore can either add or subtract depending on the specific nanophotonic structure surrounding the QD, as was observed for the direct and inverted mirror structures in the data of Fig. 2 . This novel effect has no counterpart in atomic systems where the higher-order interactions between light and atoms are restricted by selection rules, i.e. co-existence of the first higher-order and dipole transitions is prohibited by the symmetry of the atomic potential. The moment Λ contains both electric quadrupolar and magnetic dipolar terms and would in the case of atomic-like emitters vanish on electric-dipole transitions [26, 27] . We observe that for QD emitters the higherorder processes can strongly modify the dipole transition due to the mesoscopic nature of the wavefunctions thereby enhancing the light-matter interaction strength significantly.
The novel theory models the experimental data of Fig. 2 very well for both the direct and inverted structure. From the comparison we extract the experimental values Λ = (9.8 ± 1.4) × 10 −33 kg m 2 s −1 (Λ = (-6.5 ± 0.8) × 10 −33 kg m 2 s −1 ) for the direct (inverted) structure from the experimental value of µ obtained using the method of Ref. [28] . The observed change of the sign of Λ, stems from the opposite orientation of the QDs relative to the plasmonic field and constitutes the tell-tale of the mesoscopic effects.
From our comparison with theory we can extract the rate of excitation of plasmons γ pl (z), which should be maximized in fast quantum plasmonic devices. In Fig. 3a , the extracted γ pl (z) (see Supplementary Information) is plotted versus distance to the mirror for both the direct and inverted structures. A pronounced difference of the plasmon excitation rate by a factor of eight is observed between the two structures. In contrast, the spontaneous-emission rate of photons γ ph (z) (Fig. 3b) is similar for the two different structures. These observations can be explained from the fact that plasmon modes give rise to strong electric-field gradients near the metal mirror, thereby enhancing the influence of the mesoscopic QD effects. We note that the extracted mesoscopic and point-dipole contributions to the plasmon excitation rate are of equal magnitude. Therefore the mesoscopic contribution is so pronounced that the applied first-order perturbation theory is pushed to the limit of validity, which could account for the slight difference in the magnitudes of Λ between the two datasets. The figure-of-merit of a quantum plasmonic device is the β-factor expressing the probability that a QD excites a single plasmon:
, which is plotted in Fig. 3c . The β-factor is strongly enhanced due to the mesoscopic effects reaching 40 % for the inverted sample as opposed to 13 % for the direct sample where it is suppressed. These observations illustrate the potential of using the intrinsic mesoscopic properties of QDs in combination with careful engineering of the electromagnetic environment to strongly enhance the coupling to plasmons.
We further investigate the potential of mesoscopic QDs for improving plasmon-nanowire single-photon sources [10] [11] [12] [13] , see Fig. 4b . For a small wire radius (r = 12.5 nm) only a single strongly confined plasmon exists inducing very strong field gradients, i.e. mesoscopic QD effects are expected to be very pronounced. We note that structures of this size can readily be fabricated by electron beam lithography or chemical synthesis. We cal-culate γ pl (z) versus distance to the nanowire for varying ratios of Λ/µ, corresponding to QDs with various amount of mesoscopic character, and for two different orientations of the QD relative to the nanowire. The resulting plasmonic coupling efficiency β pl is shown in Fig. 4a . Very strong dependencies on both distance and Λ/µ are observed. For a fixed distance of d = 10 nm we find that the efficiency for a point-dipole source (i.e. Λ = 0) is β pl = 75%. This number can be enhanced substantially to β pl = 92% assuming the experimental value of Λ/µ ≈ -10 nm for a QD placed near the nanowire, see Fig. 4b . On the other hand the same QD oriented upsidedown relative to the nanowire (Λ/µ ≈ 10 nm) would only couple weakly to the nanowire with β pl < 1%. These results demonstrate the very pronounced effects of including the naturally occurring mesoscopic contribution to the QD decay and that it can be employed for improving the efficiency of plasmonic nanophotonic devices.
We have demonstrated that the interaction between QDs and plasmonic nanostructures can be understood only by taking the mesoscopic size of the QDs into account. Our findings are expected to be of relevance also for dielectric nanostrucures, where mesoscopic QD effects are anticipated to be of importance for spontaneousemission control in photonic crystals [22] , dielectricwaveguide single-photon sources [9] , and in cavity QED [8] in particular when employing large QD emitters that currently are intensively investigated for their prospective large oscillator strength [29] . Our conclusions are surprising since the point-dipole approximation has been uncritically adopted in the litterature to describe lightmatter interaction between QDs and nanophotonic structures. Importantly, the mesoscopic effects are very pronounced and may be employed as a resource to enhance light-matter interaction, which is required in a diverse range of scientific fields ranging from quantum information science and quantum computing to energy harvesting devices.
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Sample preparation. The semiconductor wafer used for both the direct and inverted sample was grown by molecular beam epitaxy with the following layers from bottom to top: A GaAs substrate, a 50 nm AlAs sacrificial layer, a 623 nm GaAs buffer, 2.13 monolayers of InAs, and a 302 nm capping layer of GaAs. The InAs layer formed QDs with a density of 250 µm −2 . Finally, an optically thick (200 nm) silver mirror was deposited on the surface of the sample.
For the direct sample a series of terraces with different distance to the underlying QDs were fabricated by UV-lithography and wet etching, for further details see Ref.
[30]. Optical access was provided by selective etching of the AlAs layer and subsequential epitaxial lift-off of the layers above the AlAs and bonding to a sapphire substate. For the inverted sample, the layers above the AlAs were bonded to a PMMA-coated silicon substrate. The sample was transferred to an SU-8-coated sapphire substrate and bonded upside down. After removal of PMMA by oxygen plasma ashering, the terrace fabrication and silver evaporation were carried out as for the direct sample.
Due to the different thicknesses of the buffer and capping layers, the resulting distances to the sapphire substrate are different for the direct and inverted samples. This gives rise to a small difference between the decay rates as a function of distance to the mirror in the two samples, which can be seen by comparing the curves in Fig. 2a and 2b , or in Fig. 3b .
Measurement setup. The samples were placed in a closed-cycle cryostat kept at 16 K. The QDs were excited with a Ti:sapphire laser that emits picosecond pulses at a repetition rate of 76 MHz. The laser was tuned to 1.45 eV, which corresponds to absorption in the wetting layer. The power was adjusted so as to only populate the ground states of the QDs. The spontaneously emitted light was collected with a lens after which is was imaged onto a monochromator where the inhomogeneously broadened spontaneous-emission spectrum from the QDs was spatially dispersed. A thin slit was used to select a narrow band (2.6 meV) of the spectrum centered at 1.204 eV. This corresponds to a low energy in the inhomogeneously broadened QD spectrum, which together with the weak pumping conditions (∼ 0.1 excitons/QD) ensures that excited states from QDs with lower ground state energy do not contribute to the selected emission. The collected emission was then measured with a fast avalanche photo diode. The resulting decay curves are fitted with a bi-exponential model and the fast decay rate extracted, for further details see Ref. [30] .
Decay rate modeling. We now present the main steps in the calculation of the decay rate of the QD beyond the point-dipole approximation. The minimalcoupling Hamiltonian describing a charged particle interacting with an optical field is given by
where V (r) is the Coulomb potential, q is the charge, m is the mass, andp is the momentum operator of the particle. A(r) and φ(r) are the vector and scalar potentials of the optical field at the position r of the particle. We use the generalized Coulomb gauge, which means that ∇ · (ǫ(r)A(r)) = 0. We then introduce raising and lowering operators for both the optical field and the two-level electronic system, switch to the interaction picture, and employ the rotating-wave approximation to arrive at
Here ǫ 0 is the permittivity of vacuum, and |c (|v ) is the state of an electron (a hole) in the conduction (valence) band. f l,j (r) denote vector components of mode functions for the optical field, with l indexing the modes and j indexing the three coordinates x, y, z. The frequency of the mode function is ω l , and we define the detuning ∆ l = ω l − ω 0 , where ω 0 is the frequency difference between the two electronic states.σ − andσ + are the raising and lowering operators for the electronic states andâ † l creates one photon in mode l whileâ l annihilates one. We Taylor-expand the field modes to first order around the center of the QD as
which gives the following expression for the interaction Hamiltonian
where µ j = v|p j |c and Λ j,n = v|p jrn |c . In order to find the decay rate of the excited state we use the Schrödinger equation in the interaction picture with the state of the system given by Ψ(t) = c e (t)|c |0 + l c l (t)|v |l . The decay of the excited-state population |c e (t)| 2 = exp[−Γt] with a rate Γ is calculated in the Wigner-Weisskopf approximation. The sum over the mode functions is directly related to the Green's function G j,j ′ (r, r ′ ; ω), which describes the environment surrounding the QD. The resulting expression for the decay rate is
The decay rate obtained beyond the dipole approximation (Eq. (S5)) can be cast in the form of an integral over the length of the in-plane wavevector k and divided into parts associated with freely propagating photons, and bound modes [31] . In the case of a metallic mirror we can use the rotational symmetry to simplify the expressions, using 2π √ ǫλ
with ǫ being the permittivity of the dielectric and λ 0 the wavelength of light in vacuum. For k ≤ k dielectric the modes have real-valued k z and propagate as free photons, while for k > k dielectric the modes have imaginary-valued k z and are bound to the interface. The bound modes can be subdivided into propagating plasmons that fulfill k ≈ k pl and lossy modes that do not.
The wavefunctions for electron and hole states are decomposed into envelope parts and Bloch parts, which describe the wavefunctions on the scale of the QD and on the length scale of a crystal unit cell, respectively. The envelope functions are symmetric in the x and y directions and asymmetric in the z direction due to the symmetry of self-assembled QDs. The Bloch function for the electron in the conduction band has even symmetry in all directions, while the Bloch function for the heavy hole is a superposition of two states, the first one even in x, z and odd in y, and the second state is even in y, z and odd in x. These symmetries of the wave functions give |µ x | = |µ y | = µ, µ z = 0, and furthermore im-ply that the mesoscopic size-induced moments Λ j,n have Λ x,x = Λ x,y = Λ y,x = Λ y,y = Λ z,z = 0, Λ 1 = Λ z,x = Λ z,y and, Λ 2 = Λ x,z = Λ y,z . The mesoscopic moments Λ 1 and Λ 2 couple to two different polarizations of the plasmonic field. The ratio of the field strengths of these two polarizations is given by |Re[ǫ Ag ]/ǫ GaAs | = 4.3. Due to this large ratio we choose to neglect Λ 2 , that couples to the weaker field, and define the moment Λ used in the main text as Λ = Λ 1 . As a result we have only one parameter describing the effect of the higher-order moments in our decay rate model:
We have here chosen the Bloch wavefunction for the heavy hole given by the plus sign in |u hh = |u x ± i|u y corresponding to a particular exciton spin state. We note that the decay dynamics for the silver mirror geometry considered here does not depend on which of the in-plane heavy hole states that is excited. We note that the first-order moment Λ couples to the gradient of the Green's function while the point-dipole moment µ couples to its size, see (Eq. (S5)). For coupling to the plasmonic modes this corresponds to a scaling proportional to ik pl Λe ikzz for the first-order contribution, and µe ikz z for the zeroth-order. The breakdown of the dipole approximation is thus determined by the ratio of the zeroth and first-order contributions, which is independent of the distance z to the silver mirror.
We normalize the QD decay rate relative to the decay rate in a homogenous medium leading to an expression, which depends only on the ratio Λ/µ. The intrinsic radiative decay rate γ rad and non-radiative decay rate γ nr of the QDs in a homogenous medium are extracted from measurements of the decay rate as function of distance to a GaAs/air interface [28] using the inverted sample before silver was evaporated. These measurements are described well by the point-dipole term only and we extract γ rad = 0.88 ns −1 and γ nr = 0.19 ns −1 . Figure 3 in the main text is derived from the measured decay rates γ QD (z), γ rad , and γ nr , and the calculated decay rates discussed above γ pl (z), γ ph (z), and γ ls (z). We can extract the data points in Fig. 3a , as Figure 3b is derived in the same manner and Fig. 3c is derived as β pl (z) = γ pl (z)/γ QD (z). For the nanowire calculation the coupling efficiency to the plasmonic mode is calculated for an emitter with a quantum efficiency of unity, i.e. γ nr = 0. The decay rate into photons γ ph is assumed constant and equal to the value in homogenous GaAs. The plasmon mode was calculated by a finite-element method [32] implemented in COMSOL and the corresponding Green's function constructed. This is a feasible approach since only a single plasmon mode exists for the studied wire of radius r = 12.5 nm. Based on these simulations, γ pl is extracted including the effect of a spatially extended QD with Λ = 0. The decay rate into lossy modes γ ls is calculated from an analytical expression for a point dipole near a nanowire [33, 34] . Here we have modeled a dipolemoment that is oriented at 45 degrees to both the azimuthal and parallel direction of the wire (see Fig. 4 of the main text), to give an average effect on the modified decay efficiencies. Stronger (weaker) modifications of the decay rate result for QD dipole moments oriented parallelly (azimuthally) to the nanowire. All the calculations are performed at λ 0 = 1030 nm.
Ruling out alternative mechanisms for the observed effects. When observing a new physical effect it is essential to be able to rule out that the observations could be dominated by alternative mechanisms. The key tell-tale for the mesoscopic effects signifying the breakdown of the dipole approximation on a dipole allowed transition is the change from enhancement to suppression of the rate when reversing the QD orientation. In the following we explicitly explain why alternative mechanisms can be ruled out.
The excitation in a QD can be lost by tunneling of either the trapped electron or hole out of the QD. Such non-radiative processes may be enhanced near surfaces [28] , but can only increase the measured total decay rate. Therefore, non-radiative processes cannot explain the measured suppression of the decay rate observed for the direct sample and can be ruled out.
It has been predicted that the hole wavefunction partly resides in the light-hole band [35] , which results in an outof-plane component of the dipole-moment. However, also a dipole oriented out-of-plane would radiate identically in the direct and inverted structure and thus would not explain our observations.
The decay rate of a QD treated in the dipole approximation is proportional to the square of the overlap of the envelope functions for the confined electron and hole. By applying an electrical field over the QD along the growth direction it is possible to change the aforementioned overlap and thereby the decay rate of the QD, which is a direct consequence of the quantum-confined Stark shift [24] . An unavoidable impurity background doping of the semiconductor along with the silver mirror forms a Schottky barrier with such a build-in electrical field. The background ion impurity density of the used wafer has been measured to be N = 4. Thus any resulting surface electric field would extend 5-6 times further than the length over which we observe deviations from dipole theory, and we can therefore rule out the Stark effect as explanation of our data. The con-clusion is confirmed by calculating the resultant electric field (0 − 24 kV/cm) in our structure. Previous experiments with applied electric fields have shown that no significant change in the decay rate occurs in this range [38] . Notably no enhancement of the decay rate is observed, which is the case for the inverted structure in our experiment. Finally, the typical dominant impurities in GaAs are carbon defects giving rise to a p-type GaAs. From measurements of the static dipole moment of QDs [24] it is found that the hole is situated above the electron for zero applied electric field, which together with a Schottky barrier with p-type GaAs results in a reduction of the decay rate in the inverted structure in conflict with our measurements. figure is not to scale) . The field amplitude of the plasmon decays exponentially away from the interface with a change of the electric field over the extension of the QD. The arrow over µ indicates the orientation of the point-dipole moment and the arrows over Λ the orientation of the first order mesoscopic moment. b, Boundaries of a QD (green frame) with the spatial extension of electron (blue) and hole (red) wavefunctions indicated inside. c, Sketch of a QD placed near a metallic structure. The QD can decay by emitting a photon (γ ph ), by exciting a propagating plasmon (γ pl ), by coupling to lossy modes in the metal (γ ls ), or by intrinsic non-radiative recombination (γ nr ) (not shown) . Figure 2 | Observation of the breakdown of the dipole approximation. Measured decay rates of QDs as a function of distance to the silver mirror for the direct (a) and inverted (b) structure at a wavelength of λ = 1030 nm. The dashed curves are the predicted variation for a point-dipole emitter. The solid curves show the theory for a mesoscopic emitter, which are found to match the experimental data very well. The insets show the orientation of the QDs relative to the silver mirrors for the two structures. The error bars on both rates and positions represent one standard deviation and are deduced from repeated measurements. Figure 3 | Influence of mesoscopic effects on decay rates. The decay rate of QDs to plasmons γ pl (a) and photons γ ph (b), and the plasmon generation efficiency β pl (c) as a function of distance to the silver mirror. Red w and red curves are experimental data and theory for the inverted structure, while the blue v and blue curves are the equivalent for the direct structure. The error bars on both rates and positions represent one standard deviation, as deduced from repeated measurements. 
